
IN THE UNITED STATES PATENT AND TRADEMARK OFFICE <r- 
BEFORE THE BOARD OF PATENT APPEALS AND INTERFERENCES^ 



Kambe et al. / 
08/962,362 / 
October 31, 1997 
PHOSPHORS 
N19. 12-0006 



TRANSMITTAL OF REPLY BRIEF 



Appeal No. 



CP 

-3- 



Group Art Unit: 287^. 
Examiner: Michael Day 



BOX AF 

Commissioner for Patents 
Washington, D.C. 20231 



I HEREBY CERTIFY THAT THIS PAPER IS 
BEING SENT BY U.S. MAIL, FIRST 
TO THE ASSISTANT COMMISSIONER 
PATENTS, WASHINGTON, D.C. 20231, THIS 



Sir: 

Transmitted herewith in triplicate 
the above-noted application. 



l IS 

PATENTS, WASHINGTON, D.C. 20231, THIS / j . 
DAY OF 

PATENT ATTORNEY 

is the Reply Brief for 



The Commissioner is authorized to charge any 
additional fees associated with this paper or credit any overpayment 
to Deposit Account No. 23-1123. A duplicate copy of this 
communication is enclosed. 

Respectfully submitted, 

WESTMAN, CHAMPLIN & KELLY, P. A. 





Peter S. Da-fdi, E*h. D., Reg. No. 39,650 
Suite 1600 - International Centre 
900 Second Avenue South 
Minneapolis, Minnesota 55402-3319 
Phone: (612) 334-3222 Fax: (612) 334-3312 



PSD:nhw 



. nt . Kambe et al. 
Applicant • 

08/962 ' 362 7 1 croup Unit: 2819 

| Exam iner: Michael Oay 

PHOSPHORS 



N 19. 12-0006 
Docket No.: Ni 



REPLY 



BRIEF 



FOR A 



ppELLANTS 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 
BEFORE THE BOARD OF PATENT APPEALS AND INTERFERENCES 



Applic No. 
Filed 

For 



Kambe et al. 
08/962,362 
October 31, 1997 

PHOSPHORS 



Docket No.: N19. 12-0006 



Appeal No. ^ 

% ^ <^ 
Group Art Unit -ro ^ 

2879 5- ^ 

& o 

Examiner: Michael^ 
Day % 



REPLY BRIEF FOR APPELLANTS 



BOX AF 

Assistant Commissioner for Patents 
Washington, D.C. 20231 



Sir: 



I HEREBY CERTIFY THAT THIS PAPER IS 
BEING SENT BY U.S. MAIL. FIRST 
CLASS, TO THE DIRECTOR OF PATENTS, 
WASHINGTON. D.C. 20231. THIS 

IC .DAY ^ %^udL- . 20£V. 




mm- 



This is a Reply Brief under 37 C.F.R. §1. 193(b)(1) in 
response to the Examiner's Answer mailed January 30, 2001. 
Applicants respond to the Examiner's position with respect to 
rebuttal of the evidence provided by Applicants in their Appeal 
Brief. Applicants begin with a summary of the standards that must 
be used to evaluate the evidence in the record to reach a 
conclusion regarding the validity of the present claims. 



SUMMARY OF THE LEGAL STANDARDS 
"Obviousness is a legal question based on underlying 
factual determinations." In re Zurko . 42 USPQ2d 1476, 1478 (Fed. 
Cir. 1997). " [T] he conclusion of obviousness vel non is based on 
the preponderance of evidence and argument in the record." in re 
Qetiker, 24 USPQ2d 1443, 1445 {Fed. Cir. 1992). The patent office 
has the ultimate burden of persuasion in establishing that an 
applicant is not entitled to a patent. Id. at 1447, concurring 
opinion of Judge Plager. "The only determinative issue is whether 
the record as a whole supports the legal conclusion that the 
invention would have been obvious." Id. 
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The courts have indicated that affidavits must be 
accorded some weight if they provide evidence on unobviousness. 
"Insofar as these affidavits provide evidence to support the legal 
conclusion of unobviousness under 35 U.S.C. 103, they must be 
considered. Statements of opinion in an affidavit must be accorded 
some weight as bearing upon the legal conclusion required by 35 

U.S.C. 103." in re Metcalf . 157 USPQ 423, 426 {CCPA 

1968) (citations omitted) . 

RESPONSE TO ARGUMENTS 
1 • Declaration Evidence 

The Examiner discounts the declarations by two experts 
based on an assertion that the declarations do not present any 
"experimental results, evidence of tests conducted, methods 
evaluated, or any factual evidence." The Examiner rests his 
position on the "substantial presumption of validity of an issued 
U.S. Patent." Applicants do not dispute the presumption of 
validity. Applicants, however, would like to emphasize the issues 
that were evaluated in the declarations. • 

First, since the Jaskie patent did not explicitly provide 
ranges of particle sizes for the quantum confined particles, it is 
not clear to what extent the examiner reviewing the Jaskie patent 
relied on the wet filtration disclosure in the Jaskie patent. The 
t o presumption of validity extends to the claimed subject matter. To 
[o- the extent that the patent examiner reviewing the Jaskie patent did 

I* { i* not rely on the wet filtration disclosure as necessary support for 
yV the claimed subject matter, the presumption of validity should not 

extend to the wet filtration process. 

Nevertheless, Applicants have presented an overwhelming 
amount of evidence to overcome the vague disclosure in the Jaskie 
patent regarding wet filtering. Contrary to the Examiner's 
assertions, the Declarations are based on a vast array of 
experiments. No experiments are performed without relying the 
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experience of the experimenter. Experiments must be designed and 
interpreted. Professor Bricker's Declaration is actually based on 
hundreds or thousands of experiments performed over many years. 
Professor Bricker's Declaration is also based on quantities of 
knowledge accumulated over years of experience and taught to 
students and associates. Similarly, Professor Singh's Declaration 
is similarly based on a multitude of experiments performed by 
himself and his students. 

Two experts in the two fields most relevant to the 
disclosure in the Jaskie patent have declared that they cannot 
practice the wet filtration procedure disclosed in the Jaskie 
patent to separate particles. Professor Singh indicates that there 
is no knowledge in the particle field of separating nanoparticles 
by the wet filtration techniques described in the Jaskie. patent . 
Thus, Professor Singh further indicates that the Jaskie wet 
filtration approach is unconventional and provides insufficient 
guidance to perform experiments by a person in the inorganic 
particle science field. Thus, from Professor Singh's perspective, 
the experiment fails in the experimental design stage. 

Since an expert in the field of inorganic particle 
technology/material science, Professor Singh, did not know how to 
proceed with the wet filtration approach of the Jaskie patent, 
Applicants turned to an expert in the wet f iltration/chromatography 
field to evaluate the disclosure in the Jaskie patent. Professor 
Bricker is such an expert in the chemical arts. Professor Bricker 
explains in very clear terms that based on his knowledge from the 
many experiments performed in his career and the foundations of his 
understanding that he teaches to his students, a functioning 
^.experiment cannot be designed based on the Jaskie process. 
^ Professor Bricker performed the initial part of an 

, experiment for performing the Jaskie procedure, the experimental 

V/ design. The experiment concluded at that point since no reasonable 

experiment could be designed based on the Jaskie patent disclosure. 



In a very real sense, Professor Bricker performed the Jaskie 
experiment. However, no data resulted because the experiment was 
fundamentally flawed and failed in the design stage. If an 
experiment fails, no data is generated. Due to the fundamental 
flaws, the experiment was completed once an experimental design was 
attempted and failed. Once the experimental design has failed, 
there is no more to do since the experiment is completed. The 
result from the experiment was that the experiment does not work. 
Professor Bricker provided detailed explanations for his 
conclusions regarding his attempt at designing an experiment based 
on the Jaskie disclosure. 

Together, the two declarations provide the perspective of 
experts in the two most related fields relating to the wet 
filtration approach described in the Jaskie patent. These 
Declaration provide very substantial evidence regarding the 
disclosure in the Jaskie patent. Applicants cannot .even identify 
any further evidence to present on these points. 

2 • Assertions- Regarding Lack of Public Knowledge of the 

Jaskie Process 

The Examiner asserts that there is no basis for 
Applicants' assertions regarding the lack of public knowledge of 
application of the Jaskie approach for particle separation. 
Specifically, the Examiner indicates that Applicants failed to note 
what "data bases, public records, or patent files, if any," had 
been searched. Applicants' position is based on the Declaration of 
Professor Singh, an expert in the field. Professor Singh is 
Director of the Characterization, Research Instrumentation and 
Testbed Facility at a Particle Science and Technology research lab 
at the University of Florida, one of the leading particle science 
facilities in the world. Professor Singh is one of the best 
experts in the world to attest to such a fact, i.e., that the 
Jaskie separation approach is not known to persons of skill in the 



-6- 



art. As demonstrated from his resume, Professor Singh is an 
invited speaker at most of the major particle science conferences 
in the world and is, thus, aware of the cutting edge research being 
performed in the world. 

Based on Professor Singh's expert knowledge, Professor 
Singh's statement regarding use in the field of wet filtration 
techniques must be afforded weight. The Examiner has offered no 
refuting evidence. 

3 . Evidence in the Millipore Product Literature 

In addition, the Examiner discounts the weight of the 
f& information on filtration from Millipore Corp. On the first page 
<j<a< of the Millipore materials, Millipore indicate (emphasis added) 

v j that "Planargard Disposable filters - the result of Millipore's 
extensive applications expertise - represent the latest advances in 
® \ proven filtration technology. " This material is dated almost two 
<^r years after Applicants' filing date. Millipore was selected 
^ because they are a known leader in the commercial filtration field. 

If the Examiner has any contrary evidence in this regard, it has 
not been made available to Applicants. Since Millipore is a leader 
in commercial filtration approaches for improving size uniformity, 
the Millipore product literature (two years after Applicants' 
filing date, six years after the filing date of the Jaskie patent 
and almost four years after the issuance of the Jaskie patent) has 
significant probative value. The Examiner has presented no 
evidence to refute the Millipore product literature. 

4 . Evidence from the Parker Patent 

Also, Applicants believe that their has been some 
misunderstanding regarding the Parker et al. patent (5,460,701). 
The Parker patent is attached in the Appendix to this Reply Brief. 
Parker describes a filter for collecting nanoparticles . Air filter 
technology to separate nanoparticles indiscriminately from a gas 



stream are generally available. However, this collection process 
does not discriminate in size. All or an indiscriminate portion of 
the particles are collected without reference to size. Thus, the 
existence of filters to remove particles from a gas stream is not 
relevant to the issue of size separation to produce a more uniform 
collection of particles. 

CONCLUSIONS 

Applicants maintain that the preponderance of the 
evidence clearly indicates that the Applicants' claims are 
patentable. The Patent Office has failed to meet its burden of 
production and has failed to establish by a preponderance of the 
evident that Applicants' claimed invention is unpatentable. 
Applicants respectfully request reversal of the rejection of the 
pending claims. 

Respectfully submitted, 
WESTMAN, CHAMPLIN & KELLY, P. A. 

By: IU$M) 2. ofeut^' 

Peter S. Dardi, Ph.D., Reg. No. 39,650 
Suite 1600 - International Centre 
900 Second Avenue South 
Minneapolis, Minnesota 55402-3319 
Phone: (612) 334-3222 Fax: (612) 334-3312 
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[57] ABSTRACT 

A method and system for synthesizing nanocrystalline mate- 
rial. A system includes a chamber, a nonconsumable cathode 
shielded against chemical reaction by a working gas not 
including an oxidizing gas, but including an inert gas, a 
consumable anode vaporizable by an arc formed between 
the cathode and the anode, and a nozzle for injecting at least 
one of a quench and reaction gas in the boundaries of the arc. 

29 Claims, 7 Drawing Sheets 
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METHOD OF MAKING NANOSTRUCTURED 
MATERIALS 

The present invention is concerned generally with a 
method of making a nano structured material. More partial- 5 
larly, the invention is concerned with a method of making a 
variety of stoichiometric-nanostructured materials by con- 
trolling the working gas composition in a plasma are system. 
The production rate of nanostructured material can also be 
substantially enhanced by combining N 2 or H 2 gas with Ar 10 
working gas. 

In the recent past, it has been shown that nanostructured 
materials exhibit enhanced or unique properties compared to 
typical polycrystalline materials. For example, metallic 
nanostructured materials can be sintered at low temperatures 15 
but exhibit higher hardness and yield strength than poly- 
crystalline metallic materials. Ceramic nanostructured mate- 
rials exhibit much greater ductility at low temperatures 
compared to conventional ceramic materials. In order to 
manufacture such nanostructured materials, it is necessary to 20 
control the particle size and chemical stoichiometry. How- 
ever, in order to prepare commercial quantities of these 
nanostructured materials, the process must also allow rapid 
production while controlling the chemistry and particle size. 
Current methods of manufacture do enable some control of 25 
particle size but cannot reliably control the chemical sto- 
ichiometry or rapidly manufacture the material in large 
quantities while also controlling the particle size and sto- 
ichiometry. 

It is therefore an object of the invention to provide an 30 
improved method and article of manufacture of nanostruc- 
tured material. 

It is also an object of the invention to provide a novel 
method of manufacturing a nanostructured material of con- 
trolled stoichiometry. 35 

It is another object of the invention to provide an 
improved method of producing large quantifies of nano- 
structured materials of well controlled particle size and 
chemical stoichiometry. 

It is a further object of the invention to provide a novel 40 
article of manufacture of nanostructured material of well 
defined, very small grain size. 

It is an additional object of the invention to provide an 
improved method and article of manufacture of nanostru- 
ctured gamma ferrite. 45 

It is still another object of the invention to provide a 
novel method of manufacturing a nanostructured material of 
controlled particle size using working gas mixtures of argon 
and nitrogen and/or hydrogen and/or a carbon containing 
gas- so 

It is yet a further object of the invention to provide an 
improved method of controlling nanostructured grain size by 
controlling the amount and variety of quench gas injected 
into a reaction zone of a plasma arc system. 

It is yet an additional object of the invention to provide 55 
a novel method of controlling manufacture of nanostruc- 
tured material by control of color and intensity of light 
output by the reaction zone, cathode zone and anode zone of 
a plasma arc system. 

It is also a further object of the invention to provide an 60 
improved method of generating stoichiometric A^O^ ZrO^, 
TiO z and Fe^Oj and nanostructured material. 

It is still an additional object of the invention to provide 
a novel method of controlling production of nanostructured 
material by controlled adjustment of working gas and 65 
quench gas injection location in a plasma arc system. 

It is yet another object of the invention to provide an 



unproved method of controlling pore size distribution and 
pore size spacing of a nanostructured material. 

These and other objects and advantages of the invention 
will become apparent from the following description includ- 
ing the drawings described hereinbelow. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1A is one embodiment of a plasma arc system 
constructed in accordance with the invention and FIG. 2 is 
another embodiment of the system; 

FIG. 3 illustrates one embodiment of gas injection nozzles 
for the plasma arc system and FIG. 4 shows another gas 
injection nozzle embodiment; 

FIG. SA shows an X-ray diffraction plot of a TiN nano- 
structured material and FIG. 5B shows an X-ray plot of a 
Ti0 2 nanostructured material; 

FIG. 6 A is an energy dispersive X-ray analysis output for 
a titanium oxide prepared without oxygen present in the 
working arc and FIG. 6B for a titanium oxide prepared with 
oxygen in the working gas; 

FIG. 7 illustrates a top view of a nozzle for turbulent 
mixing of a nanocrystal aerosol using tangentially injected 
gas and FIG. 8 shows the mixing nozzle with radially 
injected gas; 

FIG. 9 is a mixing nozzle for receiving nanocrystalline 
aerosol from a plurality of sources; 

FIG. 10 is a graph of quench/reaction gas flow rate into a 
mixing nozzle versus nanocrystalline particle diameter; 

FIG. 11A is a graph of nanocrystalline particle size versus 
gas quench flow rate into the plasma tail flame; FIG. 11B is 
the nanocrystalline particle size versus quench/reaction gas 
injection point relative to the molten anode position; and 
FIG. UC is titania production rate; and 

FIG. 12A shows particle size distribution for nanocrys- 
talline material prepared in accordance with the invention as 
compared to a prior art method; 

FIG. 12B illustrates pore volume versus pore diameter for 
nanocrystalline material prepared in accordance with the 
invention as compared to a prior art method; FIG. 12C 
shows the pore size spacing distribution for a nanocrystal- 
line material prepared in accordance with the invention; and 
FIG. 12D shows the small angle neutron scattering charac- 
teristic of nanocrystalline material before treatment and after 
treatment to form the pore array of controlled spacing. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

A plasma arc system constructed in accordance with the 
invention is shown generally in FIG. 1 at 10. The preparation 
of nanostructured, or nanocrystalline, material begins with 
the vaporization of a high purity precursor material 12 in a 
chamber 14 via an arc generated, for example, by a water- 
cooled TIC (tungsten inert gas) torch 16 driven by a power 
supply 18. The interior of the chamber 14 is preferably 
maintained at a relative pressure of about 20 inches of 
mercury vacuum up to +3 psi positive pressure (absolute 
pressure 250 torr to 1000 torr). 

The precursor material 12 is melted and vaporized by the 
transfer of are energy from a nonconsumable electrode, auch 
as a tungsten electrode 20 with 2% thorium oxide, The 
nonconsumable tungsten electrode 20 is shielded by a 
stream of an inert working gas 22 from reservoir 25 to create 
the arc. The working gas 22 acts to shield the nonconsum- 
able tungsten electrode 20 from an oxidizing environment 
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and then becomes a working plasma gas when it is ionized 
to a concentration large enough to establish an are. The inert 
working gas 22 preferably contains argon and is directed by 
a water cooled nozzle 24 attached to the torch 16. 

The consumable precursor material 12 is, for example, in 
the form of a rod which has a diameter of 0.0625" to 2" 
diameter and is fed horizontally (see FIG. 1A) or vertically 
(see FIG. 2) relative to the nonconsumable tungsten elec- 
trode 20. Hie feed rod precursor material 12 is continuously 
fed to allow a stable arc and continuous production of 
nanocrystalline material. A continuous production is pre- 
ferred over batch operation because the process can be run 
on a more consistent basis. The precursor material 12 is 
electrically grounded and cooled by a copper anode 28, and 
the precursor material 12 is given both translation^ and 
rotational motion. 

The nonconsumable tungsten electrode 20 is preferably 
inclined at an angle so as to create an elongated are plasma 
tail flame 30. Depending on the current level, the plasma tail 
flame 30 can be about one to several inches long. The plasma 
tail flame 30 acts as a high temperature gradient furnace into 
which the vaporized precursor material 12 is injected along 
with a quench and/or reaction gas 32 (hereinafter, "quench/ 
reaction gas"), if desired, through the nozzle 35. The amount 
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sten electrode 20, A higher temperature in the plasma tail 
flame 30 allows for a more complete reaction of the pre- 
cursor material 12 with the reaction gas 32. In addition, 
control of the point of injection can be used to control the 
completeness of reaction of the precursor material 12. The 
large temperature gradient also can control the nanocrystal 
formation (size and distribution) and the degree to which the 
nanocrystals agglomerate. Unlike prior art (such as in U.S. 
Pat. No. 4,732,369). dissociable oxygen gas is most prefer- 
ably not used in the working gas (termed "pinch gas" in U.S. 
Pat. No. 4,732,369) because it causes erosion of the non- 
consumable tungsten electrode 20 and generates tungsten 
impurities in the final product. FIG. 4 shows an energy 
dispersive X-ray analysis of material made without (FIG, 
6A) and with (FIG. 6B) 0.5% oxygen present in the working 
gas 22. It is apparent that even a small amount of oxygen 
(>0.5%) in the working gas 22 can cause tungsten impurities 
at levels of about 0.2% in the final product. Inductively 
coupled plasma mass spectrometry impurity analysis shows 
that the materials made by this process, and not using 
oxygen in the working gas 22, are very pure. Table 1 shows 
the typical impurities present in materials made by this 
preferred method. 

TABLE 1 
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of the quench/reaction gas 32 injected into the plasma tail 
flame 30 is controlled by a flow meter 36 having regulator 
31 as in the case of the working gas reservoir 25. A ^ 
concentric gas injection geometry is established around the 
plasma tail flame 30 to allow homogeneous insertion of the 
quench/reaction gas 32. Preferably the nozzle 35 is one of an 
arrangement of nozzles 37 as shown in FIGS. 3 or 4. The 
quench/reaction gas nozzles 37 can be positioned at any 
point along the length of the plasma tail flame 30 as shown 
in FIG. 1 or FIG. 2. The insertion location of the quench/ 
reaction gas 32 can act to truncate the length of the plasma 
tail flame 30 and allow control of the manufacturing process. 
The quench and reaction gas composition preferably is one J0 
of oxygen, nitrogen, helium, air or combinations of these 
gases. 

The plasma are system 10 can be used to manufacture a 
variety of nanostructured material. For example, titanium 
metal vapor in the plasma tail flame 30 can be reacted with 55 
nitrogen gas to form 8-25 nm TiN nanocrystals. Titanium 
metal can also be reacted with oxygen gas to form 5-40 nm 
TiO t nanocrystals (see the Examples). X-ray diffraction data 
of the two Ti based ceramic materials UN (FIG. 5A) and 
H0 2 (FIG. SB) show that two distinct materials are formed go 
using the plasma tail flame 30 as a reaction zone. Transmis- 
sion electron microscopy also shows distinctly different 
morphologies for the two materials. 

To increase the temperature gradient in the plasma tail 
flame 30 and increase its length, a dissociable inert gas (such 63 
as, nitrogen, hydrogen or both) can be mixed (1 "70%) with 
the working gas 22 which shields the nonconsumable tung- 



Once a nanocrystal aerosol 40 (see FIG. 3 or FIG. 4) is 
formed by the quench/reaction gas 32, the agglomeration of 
the nanocrystals takes place. At this point the aerosol 40 is 
turbulently mixed in a reducing cone-shaped nozzle 42 to 
prevent further agglomeration. Recirculated gas or room air 
44 is introduced by blower 46 into the cone-shaped nozzle 
42. The recirculated gas 44 can be injected into the nozzle 
42 radially (see FIG. 8) or tangentially (FIG. 7) by a gas inlet 
head 48. The swirling motion of the gas 44 generated in the 
cone-shaped nozzle 42 mixes and dilutes the aerosol 40 with 
the cool recirculated gas 44 to prevent further agglomeration 
of the nanocrystals. The cone-shaped nozzle 42 can also be 
used to blend and homogenize the nanocrystal aerosol 40 
generated by one or more sources 43 as shown in FIG. 9. The 
sources 43 can be of the same material to increase produc- 
tion rates or individual sources generating a different mate- 
rial allowing the formation of composites. 

As be st seen in FIG. 1 or FIG. 2. after leaving the 
cone-shaped nozzle 42, a mixed aerosol 45 is rapidly 
expanded into a large volume collector housing 50 by the 
action of the blower 46. The expansion of the gas allows 
further cooling of the aerosol 45. A temperature decrease of 
several hundred degrees has been measured after expansion 
of the gas. The large collector housing 50 contains a filteri ng 
m edia 54. The filtering media 54 traps the weakly agglom- 
erated nanocrystals, and the gases are separated through the 
filtering media 54 by the blower 4 6. T he nanocrystals remain 
on the filtering media 54 until they are released by a gas 
pulse from gas jet source 56. The filtering media 54 can be 
porous sintered metal or cloth fibers with a temperature 
resistant coating. The agglomerated nanocrystals behave as 
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conventional powders; and once freed from the filtering 
media 54, the powders are gravitational ly collected in a 
storage vessel 58 through a valve 60. 

The quality of the nanostructured material ( average pa r- 
ticle size , size distribution , purity and degree of agglomera- 5 
tion) can be controlled by the point at which the quenc h/ 
reaction g as 32~is injecte d, and the dilution of the 
nanocrystal" aerosol 40 can be made soon after formation of 
the particles. In PIG. 10 is shown the agglomerate particle 
size versus the flow amount of the gas 44 that is radially or l0 
tangentially injected into the cone-shaped mixing nozzle 42. 
In many instances the quench/reaction gas 32 can be injected 
at the same point depending on the arc current and precursor 
material. The quench/reaction gas 32 is preferably injected 
into the plasma tail flame 30 at the point where the tern- l5 
perature is such that nucleation and condensation have their 
onset At any point in the plasma tail flame 30 there is a 
balance between condensation and evaporation of the 
embryonic crystallites. Analytically, this critical particle size 
is expressed with the following temperature and material 2Q 
property dependence, 
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where d c is the critical particle diameter, y is the surface 
tension (N/m), V a is the atomic volume (m 3 ), k is Boltz- 
man's constant (1.38XKT 23 J/K), T is the temperature (K), 
and Pj, and P c are the actual and equilibrium vapor pressure 
(N/m*). Without limiting the scope of the claims, these M 
particles are believed to act as monomers for growth into 
large particles via coalescence with other monomers or 
small particles. The amount of coalescence growth is depen- 
dent on the number of collisions the monomers experience. 
Because the temperature gradient is very large in the plasma 35 
tail flame 30, the vapor and the forming particles move with 
great velocity. The velocity in the plasma tail flame 30 is 
highly dependent on the arc characteristics, 



40 



where v is the velocity (m/s), 1 is the arc current (A), J is the 
current density (A/m 2 ), p 0 is the free space permeability 
(1.256X10- 8 N/A J ), p is the vapor density (kg/nT 3 ). Critical 45 
particles can be cooled quickly by injecting the quench/ 
reaction gas 32 at the appropriate location where the mono- 
mers form, and the number of monomer collisions can be 
reduced by dilution with an optimal amount of the quench/ 
reaction gas 32. This control measure can allow achievement 50 
of the desired small particle size. Because the velocity 
component varies as r~ v* , the amount of the quench/reaction 
gas 32 injected can become more important than the point of 
gas injection. However, as production rates increase (and 
hence vapor density increases), both the amount and loca- 55 
tion of injection of the quench/reaction gas 32 become 
important In FIG. 11A is shown the average particle size as 
a function of the flow amount of the quench/reaction gas 32 
injected into the plasma tail flame 30, and FIG. 11B illus- 
trates the effect of the injection location of the quench/ 60 
reaction gas 32 upon the nanocrystalline particle diameter. 

The reaction gas can be introduced with the quench gas or 
separately in order to form an oxide, carbide or nitride from 
the metallic or semiconducting precursor material (e.g., 
precursor Si can be used to form SiO^, Si 3 N 4 , or SiC). 65 
Introducing the reaction gas with the quench gas into the 
plasma tail flame 30 allows the formation of a higher melting 



point material which enhances the quenching process and 
enhances the formation of small nanocrystal particles. Also, 
using a dissociable gas, for example, H 2 or N 2 , in the 
working gas 22 allows the plasma tail flame 30 to reach a 
higher temperature which allows a more complete reaction 
of the precursor vapor. 

When pure argon is used as the working gas 22 and 
oxygen is used as the reaction gas 32 and injected into the 
plasma tail flame 30, a substoichiometric (oxygen deficient) 
metal oxide nanocrystal product is formed. The substoichi- 
ometry can be detected by Raman spectroscopy, X-ray 
diffraction or thermo gravimetric analysis. The substoichio- 
metric material requires post processing to achieve complete 
oxidation. The post processing usually involves annealing 
the powder at high temperature in air. This step often 
increases the degree of agglomeration and causes particles to 
grow in size. With the addition of 5-50% hydrogen to the 
working gas 22 (particularly Ar gas), the formed nanocrystal 
product can be made fully stoichiometric; and the product 
requires no post processing. This gas mixture reduces cost in 
manufacturing the nanostructured material and allows the 
formation of a weakly agglomerated material. The effect this 
has on particle size is quite substantial. By fully reacting the 
material during synthesis, nano crystals are weakly agglom- 
erated and range in size from 15-20 nanometers, whereas 
those particles that require post reaction will in general end 
up being 30-50 nanometers in diameter. 

The nanocrystals formed by the process described herein 
can be tested for their ability to form a nanostructured 
material. There are various techniques for making ultrafine, 
nanometer sized particles; however, the degree of agglom- 
eration is critical when bulk nanostructures or nanometer 
dispersions are desired. If agglomeration is too strong, 
practical mechanical forces are not sufficient to break down 
the agglomerates into primary or near primary particles. A 
high energy process like ball milling can be used to break 
down the particles. However, the ball milling step often 
introduces contaminants into the material and reduces 
purity. 

Two techniques are commonly used to measure particle 
sizes in the nanometer range; transmission electron micros- 
copy (TEM) and BET surface area measurements. TEM 
yields a visual inspection of the individual crystallites that 
agglomerate into particles and BET infers an average par- 
ticle size from a surface area measurement using the for- 
mula, 
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where d is the mean particle diameter, p is the specific 
gravity of the material (kg/m 3 ) and S is the measured 
specific surface area (m 2 /gra). If the crystallites are weakly 
agglomerated, forming small necks between the crystallites, 
and the crystallites are equiaxed, nearly spherical in shape, 
then TEM and BET average particle sizes should be nearly 
identical. The average TEM crystallite size, and the average 
BET particle size should be within 30% of each other in 
order to have weak enough agglomeration to form a nano- 
structured material. The nanocrystals generated in the pro- 
cess show a much smaller average size and a narrow size 
distribution relative to other prior art methods for making 
nanocrystalline materials (i.e., U.S. Pat. No. 4,642,207). 

Table 2 shows a comparison of aluminum oxide and 
zirconium oxide generated by the instant process and by the 
process in US. Pat No. 4,642,207. Although both processes 
use arc energy to generate a vapor of the precursor, the 
modifications of this instant process yield better nanocrys- 
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tallinc material with smaller particle size and narrower size 
distribution. It should also be noted that a smaller size 
distribution has been obtained without the addition of a high 
frequency induction plasma like that used in U.S. Pat. No, 
4,732,369. 

TABLE 2 





Preferred form 


Udaet aL 




of invention 


U.S. PaL No. 4642207 


material 


avg. size width 


avg. size width 


Zrf> 2 


8 2-23 


— 20-200 


AIM 


18 8-50 


38 10-100 



10 



15 



20 



(all sites ate in nanometers) 

The degree of the agglomeration in nanostructured mate- 
rials can be measured by either bulk consolidation of the 
nanocrystals or by dispersion of the nanocry stats. Consoli- 
dation testing of the nanocrystal powders is achieved by 
placing a suitable amount of nanocrystalline powder into a 
die and punch apparatus and applying pressure in the range 
of 1000-40,000 psi to the punches. The resultant pellet is 
nanostructured if it has a pore size distribution that is similar 
to the grain size distribution. Materials that are optically 
transparent in the bulk single crystal state will also be 
transparent as a nanostructured material since the grains and 25 
pores of the material are much smaller than the wavelength 
of visible light (i.e., below 50 nm). The BET and TEM 
average particle sizes are shown in Table 3 along with the 
average pore size and distribution width. A transparent 
sample can be obtained by consolidating nanocrystals with 30 
a weak degree of agglomeration. An opaque sample results 
if prepared from nanocrystals with stronger (harder) 
agglomeration, forming a material with small grains, but 
large pores. Agglomeration is controlled by the injection 
location in the chamber 14 and the amount of the quench/ 35 
reaction gas 32 injected, and the amount of gas injected into 
the cone-shaped mixing nozzle 4Z This type of porosity can 
be difficult to remove by conventional sintering processes. 
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BET 


■vj. 


pore 


sample 


crystallite size 


particle size 


pore size 


range 


transparent 


8 


9 


5 


1-10 


opaque 


10 


36 


10 


2-30 



40 



45 



Consolidation testing establishes that the agglomeration 
of the nanocrystals is weak enough that agglomerates can be 50 
broken down by the mechanical energy generated in con- 
solidation. The improvement of this invention over other 
nanocrystal material synthesis inventions can be best seen 
by reference to FIG. 12 which shows the pore size distri- 
bution, grain size distribution and regularity of pore spacing 55 
of titanium oxide. The data labeled "other" is from titanium 
oxide generated by the process described in U.S. Pat No. 
5,128,081. The unlabeled data U from titanium oxide gen- 
erated by the process in this instant invention. As can be seen 
in FIG. 1ZA the TEM particle size distribution is much 60 
smaller and narrower using the process described in this 
invention. En FIG. 12B is shown that once the nanocrystals 
are consolidated, the pore distribution of the titanium oxide 
generated by the apparatus of this invention is much smaller 
than that which is generated by the process in U.S. Pat No. 65 
5,128,081. In FIG. 12C, the regularity of the pore spacing 
further demonstrates the reliability and reproducibility of the 



method of making the nanostructured material. It should 
also be noted that the production rate of the process in this 
invention is over one hundred times greater than the pro- 
duction rate compared to the method set forth in U.S. Pat. 
No. 5,128,081, making the instant method a commercially 
viable process. 

An additional test of the agglomeration is the dispersion 
of untreated nanocrystal powders which is achieved by 
applying ultrasonic energy from a sonicating probe (0.2-1 
Watts) to a liquid solution (water or ethylene glycol) that has 
a 5-50% weight loading of nanocrystals. The ultrasonic 
energy forms a colloidal dispersion that remains dispersed 
and in suspension for a minimum of five months. By treating 
the solution with additional liquids, the nanocrystals can 
remain in suspension for longer periods of time. This 
dispersion test determines whether the nanocrystal powders 
generated by the process described in this invention are 
weakly agglomerated and have high purity and clean particle 
surfaces. 

The following nonlimiting examples set forth exemplary 
methods of preparing nanostructured materials. 

EXAMPLES 

EXAMPLE 1 

A metal rod W-3" diameter of Ti, Al, Zr, Y, Fe, Cr, V, Cu, 
Si, Sn, or Zn, with a known starting purity (99-99.99% pure) 
was used as an anode in a transferred are. The cathode was 
2% thoriated-W electrode and was shielded by 25-100 cfh 
of a working gas of argon combined with 5-100% nitrogen 
and/or 5-50% hydrogen. The current of the are ranges from 
100-750 amps. The are creates a plasma tail flame 1-4 
inches long and evaporates the anode metal precursor. The 
1-200 g/hr of metal vapor is injected into the plasma tail 
flame created by the transferred are. In the plasma tail flame, 
particle nucleation proceeds; and 10-1000 cfh oxygen is 
injected into the tail flame to form a suboxide species of the 
starting metal. The presence of hydrogen from the working 
gas forms water vapor and produces a fully oxidized mate- 
rial. Further cooling causes metal-oxide ceramic panicles to 
form due to the presence of oxygen and high temperature. 
Quench gas (1-1000 cfm), in the form of air or the indi- 
vidual components of air (0 2 , N 2 , r^, H 2 0, C0 2 ), were later 
added to further cool the particles and prevent hard agglom- 
eration. The nanocrystalline powders are collected and typi- 
cally have primary aggregate sizes of 1-50 nm and typical 
agglomerate sizes are 10-100 nm. 

EXAMPLE 2 

A metal rod Vt'-T diameter of TS or Al with a known 
starting purity was used as an anode in a transferred arc. The 
cathode was a 2% thoriated-W electrode and was shielded 
by 25-100 cfh of a working gas of argon in combined with 
5-100% nitrogen or 5-50% hydrogen. The current of the are 
ranges from 100-750 amps. The arc creates a plasma tail 
flame 1-4 inches long and evaporates the anode metal 
precursor. The 1-200 g/hr of metal vapor was injected into 
the plasma tail flame created by the transferred are. In the 
plasma tail flame, particle nucleation proceeds; and 10-400 
cfh nitrogen was injected into the tail flame to form a nitride 
species of the starting metal. Further cooling causes nitride 
ceramic particles to form due to the presence of nitrogen and 
high temperature. Quench gas (1-1000 cfm), in the form of 
N 2 , At or He was later added to further cool the particles and 
prevent hard agglomeration. The nanocrystalline powders 
were collected and typically have primary aggregate sizes of 
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1-50 nm and typical agglomerate sizes were 10-1 00 nm 
EXAMPLE 3 

A metal powder was mixed in a 1 5-50 wt % loading with 
metal-oxide powder. The powders were then compounded 
into a rod !£"-3" diameter by pressing and sintering. The rod 
was electrically conductive and used as an anode in a 
transferred arc. The cathode was a 2% thoriated-W electrode 
and shielded by 25-100 cfh of a working gas of argon in 
combined with 5-100% nitrogen or 5-50% hydrogen. The 
current of the arc ranged from 100-750 amps. The anode 
was evaporated by the arc and 1-200 g/hr of the anode vapor 
was injected into the 1-4 inch long plasma tail flame created 
by the transferred arc. In the plasma tail flame particle 
nucleation proceeds, and 10-1000 cfh oxygen was injected 
into the tail flame to produce cooling and caused formation 
of metal-oxide ceramic particles. Quench gas (1-1000 cfm), 
in the form of air or the individual components of air (0 2 , 
N 2 , H 2 , H 2 0, COj), was later added to further cool the 
particles and prevent hard agglomeration. The nano crystal- 
line powders were collected and typically have primary 
aggregate sizes of 1-50 nm and typical agglomerate sizes 
were 10-100 nm. 

EXAMPLE 4 

Nanocrystalline powder was made as in Example 1, was 
uniaxially consolidated in a die and punch arrangement with 
a pressure of 5-50 kpsi. The resulting bulk specimen has a 
density of 40-50% of its bulk theoretical value. The porosity 
in the compact has a narrow size distribution with pores 
ranging from 1-50 nm. If the consolidated specimen is 
heated to temperatures near 900° C, the porosity remains 
narrowly distributed and becomes ordered such that pore 
separation distance becomes constant throughout the 
sample. The ordering was detectable through the use of 
small angle neutron scattering (SANS), as shown in FIG. 
12D. As shown in FIG. 12C, the ordering results in a 
well-defined distribution of pore spacings. 

While preferred embodiments of the invention have been 
shown and described, it will be clear to those skilled in the 
art that various changes and modifications can be made 
without departing from the invention in its broader aspects 
as set forth in the claims provided hereinafter. 

What is claimed is: 

1. A method of synthesizing nanocrystalline material, 
comprising the steps of: 

providing a chamber for holding means for generating a 
nanocrystalline aerosol selected from the group con- 
sisting of a metal, a semiconductor and a ceramic; 

further providing a nonconsumable cathode having a 
longitudinal axis and shielded against chemical reac- 
tion by a working gas flow which also creates an 
elongated ionized arc, said working gas flow consisting 
essentially of a non-oxidizing gas including at least one 
of hydrogen gas and nitrogen gas and further including 
an inert gas; 

further providing in the chamber a consumable anode 
inclined at an angle relative to the longitudinal axis of 
said cathode for providing material vaporizable from 
said anode by said elongated ionized arc; 

providing first means for injecting a gas into the chamber; 

using said first means to inject at least one of a quench and 
a reaction gas within the boundaries of said elongated 
ionized arc and causing truncation of said arc at a point 
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of injection, thereby establishing an arc truncation 
point; 

maintaining said arc between said cathode and anode by 
injecting the working gas and at least one of the quench 
and reaction gas into the chamber, and forming the 
nanocrystalline aerosol containing nanocrystals; 

providing second means for injecting a gas into the 
chamber, 

using said second means to inject a cooling gas stream 
into the nanocrystalline aerosol at a point downstream 
beyond said arc truncation point to prevent further 
substantial agglomeration of the nanocrystals; and 

cooling the nanocrystalline aerosol to form the nanocrys- 
talline material. 

2. Hie method as defined in claim 1 wherein said con- 
sumable anode is selected from the group consisting of 
chromium, aluminum, zirconium, yttrium, silicon, titanium 
and iron, and the nanocrystalline material resulting from the 
method is selected from the group consisting of stoichio- 
metric silicon compounds of said reaction gas, stoichiomet- 
ric titanium compounds of said reaction gas, and stoichio- 
metric iron compounds of said reaction gas. 

3. The method as defined in claim 2 wherein said reaction 
gas comprises art oxygen containing gas. 

4. The method as defined in claim 2 wherein said reaction 
gas comprises a nitrogen containing gas. 

5. The method as defined in claim 1 wherein a reaction 
zone having a first characteristic reaction zone color is 
formed near the intersection of the longitudinal axes of said 
anode and cathode with a first ionized arc disposed adjacent 
said cathode having a second characteristic color and said 
arc near said anode having a third characteristic color, said 
method of synthesizing nanocrystalline material being opti- 
mized for rate of production by generating a maximum color 
separation among the first, second and third characteristic 
colors formed during performance of the method. 

6. The method as defined in claim 5 wherein the nanoc- 
rystalline material being formed consists essentially of an 
iron oxide and said reaction zone has a characteristic yellow 
color, said are near said cathode has a characteristic red 
color, and said are near said anode has a characteristic green 
color. 

7. The method as defined in claim 1 wherein the nanoc- 
rystalline material has a grain size distribution of average 
size of about 8 nanometers and 18 nanometers for Zr0 2 and 
A1 2 0 3 , respectively. 

8. The method as defined in claim 1 further including the 
step of forming consolidated material from the nanocrystal- 
line material and wherein the consolidated material includes 
pores disposed between solid nanocrystalline grains and the 
pores have a characteristic pore size distribution associated 
with the consolidated material with said pore size distribu- 
tion having an average diameter less than about 20 nanom- 
eters and the nanocrystalline grains having a size distribu- 
tion with an average diameter less than about 50 nanometers. 

9. The method as defined in claim 1 wherein at least one 
of flow rate of said working gas is controlled, flow rate of 
said quench and/or reaction gas is controlled and the loca- 
tion relative to the anode of the point of quench/reaction gas 
injection is controlled to vary the particle diameter of said 
nanocrystalline material. 

10. The method as defined in claim 1 further including the 
steps of: 

providing a cyclone for turbulent mixing to prevent 
agglomeration of said nanocrystalline aerosol produced 
in said reaction zone; 
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expanding the cyclonically mixed nanocrystalline mate- 
rial into a large volume chamber to cool the nanocrys- 
talline material; and 

passing the cooled nanocrystalline material through filter 
media to separate the nanocrystalline material from the 5 
gas. 

11. The method as defined in claim I wherein said working 
gas flow comprises an inert gas selected from the group 
consisting of He, Ar, Ne, Kr and Xe. 

12. The method as defined in claim 11 wherein said 10 
working gas flow further includes a dissociable gas selected 
from the group consisting of nitrogen, hydrogen and mix- 
tures thereof, 

13. The method as defined in claim 12 wherein the 
dissociable gas consists essentially of 5-50% by volume 15 
hydrogen gas added to the working gas flow. 

14. The method as defined in claim 1 wherein said at least 
one of the quench and the reaction gas is injected using a 
concentric gas injection geometry to allow homogeneous 
injection into said elongated ionized arc. 

15. The method as defined in claim 1 wherein said quench 
and/or reaction gas comprises at least one of oxygen, nitro- 
gen, helium, air and mixtures thereof. 

16. The method as defined in claim 1 wherein the nanoc- 
rystalline material produced is further dispersed into an 25 
aqueous solution, the nanocrystalline material having aggre- 
gate sizes of 1-50 nm. 

17. The method as defined in claim 1 wherein the syn- 
thesizing steps produce the nanocrystalline material with an 
efficiency of at least 35 kilowatt hours per kilogram of the 30 
nanocrystalline material. 

18. The method as defined in claim 1 wherein said 
reaction gas comprises oxygen and said nanocrystalline 
material is selected from the group consisting of H0 2 , Zr0 2 , 
Si0 2 , Si 3 N 4 . SiC, and Y 2 O a . 35 

19. The method as defined in claim 1 wherein said 
reaction gas comprises oxygen gas and said nanocrystalline 
material consists essentially of stoichiometric A1 2 0 3 . 

20. The method as defined in claim 1 wherein said 
reaction gas comprises oxygen gas and said nanocrystalline 40 
material consists essentially of Fe^. 

21. A method of synthesizing a controlled particle size 
range of a nanocrystalline material, comprising the steps of: 

providing a chamber for holding means for generating a 
nanocrystalline aerosol selected from the group con- 
sisting of a metal, a semiconductor and a ceramic; 

further providing a nonconsumable cathode having a 
longitudinal axis and shielded against chemical reac- 
tion by a working gas flow which also creates an SQ 
elongated ionized arc. said working gas flow consisting 
essentially of a non-oxidizing gas including at least one 
of hydrogen gas and nitrogen gas and further including 
an inert gas; 

further providing in the Chamber a consumable anode 55 
inclined at an angle relative to the longitudinal axis of 
said cathode for providing material vaporizable from 
said anode by said elongated ionized arc; 

providing first means for injecting into the chamber at 
least one of a quench gas and a reaction gas within the 60 
boundaries of said elongated ionized arc and using said 
first means to inject at least one of the quench gas and 
the reaction gas into said arc at a point, thereby causing 
truncation of said arc at the point of injection into the 



arc; 



45 



using said first means for controlling gas flow rate to 
change the flow rate of at least one of said quench gas 
and said reaction gas to control and change the particle 
size range of the nanocrystalline material to be synthe- 
sized; 

maintaining said arc between said cathode and anode by 
injecting the working gas and the at least one of quench 
and reaction gas with a controlled gas flow rate into the 
chamber to form the nanocrystalline aerosol; and 

cooling the nanocrystalline aerosol to form the controlled 
particle size range nanocrystalline material. 

22. The method as defined in claim 21 further including 
the step of controlling particle size by injecting a cooling gas 
stream into the nanocrystalline aerosol at a point down- 
stream beyond the truncation of said arc. 

23. Hie method as defined in claim 21 wherein said 
reaction gas comprises an oxygen containing gas. 

24. Trie method as defined in claim 21 wherein said 
working gas flow and said quench and reaction gas are 
introduced into said chamber as part of an open loop gas 
flow system. 

25. The method as defined in claim 21 wherein said 
reaction gas comprises an oxygen containing gas and said 
nanocrystalline material is selected from the group consist- 
ing of H0 2 , Zr0 2 , Si 3 N 4) SiC, St0 2 , Y 2 0 3 , Al 2 0 3 and 
Fe^. 

26. The method as defined in claim 21 further including 
the step of dispersing the nanocrystalline material in a liquid 
solution to form a colloidal suspension. 

27. The method as defined in claim 21 wherein a reaction 
zone having a first characteristic reaction zone color is 
formed near the intersection of the longitudinal axes of said 
anode and cathode with a first ionized arc disposed adjacent 
said cathode having a second characteristic color and said 
arc near said anode having a third characteristic color, said 
method of synthesizing nanocrystalline material being opti- 
mized for rate of production by generating a maximum color 
separation among the first, second and third characteristic 
colors formed during performance of the method. 

28. The method as defined in claim 21 further including 
the step of forming consolidated material from the nanoc- 
rystalline material and wherein the consolidated material 
includes pores disposed between solid nanocrystalline 
grains and the pores have a characteristic pore size distri- 
bution associated with the consolidated material with said 
pore size distribution having an average diameter less than 
about 20 nanometers and the nanocrystalline grains having 
a size distribution with an average diameter less than about 
50 nanometers. 

29. The method as defined in claim 21 further including 
the steps of: 

providing a cyclone for turbulent mixing to prevent 
agglomeration of said nanocrystalline aerosol produced 
in said reaction zone; 

expanding the cyclonically mixed nanocrystalline mate- 
rial into a large volume chamber to cool the nanocrys- 
talline material; and 

passing the cooled nanocrystalline material through filter 
media to separate the nanocrystalline material from the 
gas. 



